Northern plants have to cope with a wide range of overwintering conditions, as the depth and physical properties of snow show high spatial variation in the Arctic. The overwintering of lingonberry (Vaccinium vitis-idaea) was studied in a reciprocal transplantation experiment between two sub-Arctic microhabitats in northern Finland. The experiment was set up in the autumn, and physiological traits related to overwintering were measured at the time of snowmelt in the following spring. The origin of the plants was not a significant source of variation for most of the traits measured, whereas major differences were observed between the two sites. Plants that overwintered at an exposed site above the treeline showed high relative winter damage, assessed by the electrolyte leakage of the leaves. No severe winter damage was observed in the plants that overwintered under a moderate snowpack at a sheltered birch forest site. These plants were able to maintain their photosynthetic capacity through the winter. A low capacity of photosystem II and a very low capacity of CO 2 uptake were characteristic of the exposed site, where low temperatures and high irradiation predominate during late winter. However, photosynthetic capacity was recovered within a few days when the plants were kept under favourable conditions after the field experiment. The content of nonstructural carbohydrates was low, probably because of high respiratory losses under the snow. This short-term study suggests that lingonberry, which occupies a wide range of microhabitats in the present climate, may thrive even if the overwintering conditions change as a result of climatic warming.
Arctic plants are adapted to a cold climate, but will have to cope with a warmer environment in the future (Crawford 2008a) . Warming in the Arctic is expected to exceed the global mean warming by a factor of two (Christensen et al. 2007 ). The projected annual warming in the Arctic based on multi-model data sets is 5°C by the end of the 21st century. Warming is expected to be largest in winter and smallest in summer. Along with increasing temperatures, snow conditions will also change markedly. The duration of the period with a permanent snow cover will decrease, the density of snow will increase and repeated freeze-thaw cycles will promote the formation of icy layers in the snowpack (Rasmus 2005) . Depending on temperature conditions, both increases and decreases in the depth of snow are likely to occur. Higher precipitation may result in an increase in snow depth, provided that the temperature remains below zero. For example, a significant trend of increasing snow depth has been observed in northern Sweden (Kohler et al. 2006 ). Higher rainfall in winter together with above-zero temperatures may, however, reverse the trend.
The depth and duration of snow, and its physical properties, are fundamental factors affecting the overwintering of northern plants (Callaghan et al. 2004) . Acting as an efficient insulator, a thick layer of porous snow protects the plants from frost damage (Havas 1966) . Because of the high relative humidity of the air contained within the snow, plants covered by snow do not suffer from winter desiccation (Tahkokorpi et al. 2007) . A thick layer of snow, however, substantially decreases the intensity of photosynthetically active radiation reaching the plants (Curl et al. 1972) . Therefore, photosynthesis is thought to be strongly light-limited under the snow, even if the prevailing temperature is sufficient for metabolic processes.
A high spatial variation in snow depth is characteristic of Arctic ecosystems (McKay & Gray 1981) . Snow carried by wind from exposed habitats is deposited in sheltered snowbeds. Consequently, overwintering conditions may also show high spatial variability, even over short distances. During the growing season, sites close to snowbeds are cooler and moister than exposed ridges. The specialization of species to various microhabitats can be easily seen in the species composition of Arctic plant communities. Moreover, ecotypic or subspecies variation is a frequent character of many Arctic species (McGraw & Antonovics 1983; Crawford 2008b) . Some well-known examples of this phenomenon include Saxifraga oppositifolia (Teeri 1972) and Dryas octopetala (McGraw 1987) . Both of these species show distinct morphological and physiological adaptations to the diverse climatic conditions of their microhabitats. It has been suggested that the high diversity of adaptations (both at the species and subspecies levels) to various microhabitats present in the current climate may facilitate the survival of Arctic plants in a warming climate (Crawford 2008a) . The majority of studies on the adaptation of plants to various microhabitats have concentrated on the length of the snow-free period, and its effects on resource availability and the growth and reproductive success of plants during the growing season (Sonesson & Callaghan 1991) . Considering that winter is the longest season in the Arctic, surprisingly little is known about the overwintering of plants in different microhabitats.
The current study describes some short-term physiological responses of lingonberry (Vaccinium vitis-idaea) to changes in snow conditions. Lingonberry is a characteristic species of circumboreal coniferous forests, but it is also common in alpine and sub-Arctic sites, where it tolerates a range of snow conditions. We carried out a reciprocal transplantation experiment in two different microhabitats. One site was located in a sub-Arctic treeline forest characterized by a moderate layer of snow; the other site was located above the treeline on an exposed mound lacking snow during most of the winter. Physiological traits affecting the overwintering success of plants were studied. The following outcomes were hypothesized.
• Because of the lack of protecting snow cover, plants overwintering in the exposed habitat are prone to frost damage. Exposure to high irradiation in combination with freezing temperatures at the end of the winter causes additional stress, in the form of photoinhibition.
• A higher photosynthetic capacity is retained in the more sheltered forest habitat, even though the actual uptake of CO 2 is probably strongly limited by the low light availability under the snow. However, high respiration rates in the warm environment under the snow gradually deplete the carbohydrate reserves during the winter.
• As a result of the diverse adaptive histories in different microhabitats, plants perform better in their original habitat than when transferred to new winter conditions characteristic of other habitats. Hereafter, these two locations are referred to as the "sheltered" and the "exposed" habitat, respectively. Twelve blocks of soil sized 10 ¥ 10 cm containing several shoots of lingonberry were dug up at both sites at the end of September 2005. The blocks were planted in plastic pots of corresponding size. Six of the pots were placed in topsoil at their original site; the other six were transferred to the other site. The plants were kept at the sites over the winter until April 2006, when snow started melting in the sheltered habitat.
Material and methods

Experimental
A permanent snow cover was established in Kilpisjärvi in the beginning of November 2005 (data from the Finnish Meteorological Institute). A maximum snow depth of 59 cm was reached in early April, just before the start of melting. A minimum air temperature of -38°C was recorded in the beginning of March 2006 (Finnish Meteorological Institute). Because of frequent temperature inversions, the minimum temperature recorded with a Hobo H8 outdoor/industrial temperature logger with TMCx-HA temperature sensors (Onset Computer Corporation, Bourne, MA, USA) in the exposed habitat was only -22°C (Saarinen & Lundell, unpubl. data) . In spite of freezing air temperatures, temperatures measured close to the soil surface remained between +1°C and -2°C in the sheltered habitat through the whole winter (Saarinen & Lundell, unpubl. data) .
Measurements of photosynthetic capacity and chlorophyll fluorescence
The ability of lingonberry to activate its photosynthesis was assessed at the end of the overwintering period. All the pots were collected on 16 April and allowed to recover under favourable conditions for 8 days. During the recovery, the plants were kept in a cold store (+5°C) and illuminated with fluorescent tubes providing a photosynthetically active radiation (PAR) intensity of approximately 50 mmol photons m -2 s -1
. A natural photoperiod of 18-h day/6-h night was applied.
One-year-old leaves were collected from each pot on the first and eighth day of the recovery period. The light response of the photosynthesis of detached leaves was determined by measuring their photosynthesis at nine different light levels (0-1500 mmol photons m -2 s -1
) using a portable photosynthesis system (LI-6400) with an added blue-red light source (LI-6400-02B Light Source; LI-COR Biosciences, Lincoln, NE, USA). The leaves were detached from the plants using a scalpel immediately prior to measuring.
The potential photochemical capacity of photosystem II was assessed by measuring the variable fluorescence (Fv)/ maximum fluorescence (Fm) ratio of induced chlorophyll fluorescence in dark-adapted leaves. The leaves were dark-adapted in leaf clips for 30 min prior to the measurements. The leaves were illuminated with an actinic light (400 mmol m -2 s -1
), and the subsequent induction of chlorophyll fluorescence was recorded with a PSM mark-II fluorometer (Biomonitor, Umeå, Sweden).
Electrolyte leakage test
Leaf damage induced during the wintering was assessed by measuring the relative electrolyte leakage from the leaves (Sutinen et al. 1992; Luoranen et al. 2004 ). Five randomly selected 1-year-old leaves from each pot were cut into six pieces each, rinsed briefly with deionized water, and then incubated in 10 ml of deionized water in test tubes for 22 h. After measuring the electric conductivity of the solute, the samples were killed by boiling them in a water bath for 60 min. The samples were then allowed to cool, and the conductivity was measured again. Leaf damage was expressed as the ratio (in %) of the conductivities measured before and after the boiling.
Carbohydrate analyses
For carbohydrate analyses, a bulk sample consisted of five 1-year-old leaves collected from each pot. The leaves were immediately frozen and subsequently freeze-dried for later determination of soluble sugar and starch content. Soluble sugars were extracted with 80% (v/v) ethanol, as described by Lundell et al. (2008) . The total content of reducing sugars and sucrose was determined spectrophotometrically from the ethanol extract by means of the p-hydroxybenzoic acid hydrazide method described by Blakeney & Mutton (1980) . Storage carbohydrates were extracted with 30% (v/v) perchloric acid from the residue pellets after extraction of soluble sugars (Lundell et al. 2008) , and were then analysed using the anthrone method described by Quarmby & Allen (1989) .
Statistical analyses
The response of net photosynthesis to light was described by a nonrectangular hyperbolic function (Marshall & Biscoe 1980) . The function was fitted to each set of replicates of six measured light responses using the nonlinear regression procedure in the program SPSS 15.0 (SPSS Inc., Chicago, IL, USA). The horizontal asymptote parameter (Pmax) of the curve, which indicates the theoretical maximum light-saturated rate of photosynthesis, was taken as a measure of the photosynthetic capacity.
The effects of the origin of the plants and the overwintering site on electrolyte leakage, chlorophyll fluorescence and carbohydrate reserves were analysed using a two-way ANOVA. The analyses were carried out using the univariate procedure of general linear models in SPSS 15.0.
Results
The relative electrolyte leakage, which is a measure of the permeability of the cell membranes, was higher in the exposed habitat (Fig. 1) . The highest mean electrolyte leakage percentage, 29%, was measured in the plants that originated from the exposed site and had overwintered at that same site. At the sheltered site the electrolyte leakages of plants of both origins were below 20%. Both the origin of plants and the overwintering site were significant sources of variation in a two-way ANOVA, but the interaction of these factors was not significant (Table 1) .
The content of nonstructural carbohydrates was highest in the plants that had overwintered at the exposed site (Fig. 2) . Overwintering site was the only significant source of variation in a two-way ANOVA (Table 1 ). The lower content of nonstructural carbohydrates at the sheltered site resulted from a lower starch content. No significant differences were observed in the contents of reducing sugars (glucose + fructose) or sucrose between the two sites (Fig. 2) .
There were marked differences in the potential capacity of photosystem II at the beginning of the recovery period. The mean Fv/Fm ratio of chlorophyll fluorescence induc-tion ranged from 0.22 to 0.24 for the plants that had overwintered at the exposed habitat (Fig. 3a) . Plants overwintering in the sheltered habitat showed higher values: the highest mean of 0.65 was measured in the leaves of plants originating from the exposed habitat. The origin of plants, the overwintering site and their interaction were all significant sources of variation (Table 1) . However, site explained the major part of the variation observed. When the plants were transferred to favourable standard conditions after the field experiment, the low potential capacity of photosystem II of the plants that had overwintered at the exposed site partly recovered: after 8 days the F v/Fm ratios measured were increased two-fold compared with the values on the first day of the recovery period (Fig. 3b) .
Plants that had overwintered in the exposed habitat did not show any light response of CO2 uptake on the first day following the transfer to favourable recovery conditions (Fig. 4a) ; Table 2 ). The rates of dark respiration tended to be lower in the plants originating from the sheltered habitat. However, the 95% confidence limits of all four groups overlapped. After the 8-day recovery in standard conditions, a marked recovery of photosynthesis was observed in the plants that had overwintered at the exposed habitat (Fig. 4b) . All the treatment groups showed a distinct light response of CO2 uptake, and the light-saturated rates were all positive ( Table 2 ). The highest values of Pmax were measured in plants originating from the exposed habitat. However, the 95% confidence limits of the parameter overlapped between the groups. No significant changes were observed in the rates of dark respiration.
Discussion
The physical environment of plants overwintering under snow is stable. The subnivean environment is characterized by slightly elevated CO2 concentrations, very low light intensities, and temperatures at and just above 0°C (Woolgrove & Woodin 1996) . Consequently, the risk of frost damage is low for most of the winter. The electrolyte leakage percentages of plants that had overwintered at the sheltered site in the current study were similar to what has been reported for lingonberry at a southern boreal site, where no winter damage was detected (Lundell et al. 2008 ). Higher leakage percentages at the exposed site, however, suggest damage to cell membranes. Contrary to our hypothesis, the plants originating from the exposed site showed the highest relative damage. The damage observed was not lethal: no visual damage was observed and the plants were able to recover their photosynthetic capacity rapidly. Because the minimum temperature of the whole winter was not very low (-22°C), it is likely that stress factors other than freezing damage, such as winter desiccation, ice blast and exposure to high UV radiation, contributed to the damage observed (Sonesson & Callaghan 1991; Taulavuori et al. 2005; Tahkokorpi et al. 2007 ). However, it is noteworthy that some early studies suggest that snow cover and exposure to frost damage may contribute to the upper distribution limit of V. vitis-idaea in the Scandinavian mountains (Ritchie 1955) . High concentrations of soluble sugars seem to promote the cold hardiness of plants; the causal mechanism, however, is not fully understood (Kalberer et al. 2006 ). In accordance with our hypothesis, the content of total nonstructural carbohydrates was low in the plants that had overwintered under a thick layer of snow in the current study. Because extreme sub-zero temperatures do not occur under a thick snowpack, sufficient frost hardiness may be acquired even with a lower concentration of carbohydrates. The lowest concentrations are equal to what was previously reported for Vaccinium growing in the southern boreal zone (Lundell et al. 2008) . Therefore, the differences in carbohydrate contents between the two sites probably do not indicate an increased risk of frost damage.
Respiration at above-freezing temperatures is likely to have contributed to a loss of storage carbohydrates at the sheltered site during the winter. Plants that are able to adjust respiration to maintain a positive carbon balance may tolerate the predicted temperature increases in arctic regions (Cooper 2004 ). In our previous study in a boreal coniferous forest, where light is available even during winter, lingonberry maintained its photosynthetic capacity through the mild winter, and, consequently, no significant decrease in the content of carbohydrates was observed (Lundell et al. 2008) . Because of the polar night characteristic of high-latitude regions, carbohydrate reserves cannot be replenished during the major part of the winter. Down-regulation of photosynthesis is characteristic of sun-exposed evergreen sclerophytes (Adams et al. 2002; Adams et al. 2004; Zarter et al. 2006 ). This involves a decrease in several components of photosystem II and the employment of xanthophyll carotenoids in photoprotective processes where excessive energy is released as heat. In accordance with our hypotheses, the plants that overwintered in the exposed habitat showed a reduced efficiency of photosystem II and no ability for net CO 2 gain. However, both the Fv/Fm ratio and the lightsaturated rate of photosynthesis recovered substantially in a recovery period of 8 days. The recovery rate is of similar magnitude to those reported in other studies. According to Ensminger et al. (2008) , the Fv/Fm ratio of Vaccinium overwintering in a transplant experiment T. Saarinen & R. Lundell seedlings of Pinus sylvestris recovered rapidly after an exposure to freezing temperatures in the spring. Photosynthetic capacity recovered to pre-frost levels within a few days after the frost events. Likewise, the photosynthesis of severely frosted Hedera helix recovered in 10 days (Bauer & Kofler 1987) . In the aforementioned studies, as well as in the current study, plants were subject to favourable recovery conditions experimentally. In the field, however, less favourable conditions as a result of low temperatures and excessive irradiation may prevail for substantial periods of time after the snow has melted in the spring. Consequently, the recovery may also proceed more slowly under field conditions (e.g., Lundell et al. 2008) .
A decrease in the photosynthetic capacity at exposed sites during winter, with a prolonged recovery period in the spring, may have significant implications for the annual photosynthetic production of evergreen plants. A main advantage of being evergreen is that evergreen plants are able to extend their photosynthetically active season. For example, Karlsson (1985) estimated that V. vitis-idaea growing at a sub-Arctic site may gain approximately 22% of its annual photosynthetic production in the early and late parts of the snowless season, when the congeneric deciduous species Vaccinium uliginosum does not possess any leaves. The lack of snow cover creates conditions that promote photoinhibition, and may thereby diminish the advantage of being evergreen. The ability of fast recovery of photosynthetic capacity under reasonably favourable conditions, which was observed in our study, is beneficial under such conditions. However, when snow melts later in sheltered habitats, the average air temperatures are already high, and, subsequently, the risk of photoinhibition is low.
Plants that had overwintered under snow at the sheltered site maintained their photosynthetic capacity. Several evergreen species, including V. vitis-idaea (Lundell et al. 2008) , Pinus sylvestris (Sevanto et al. 2006 ) and several Arctic-alpine plants (Starr & Oberbauer 2003; Larsen et al. 2007) , have been observed to be able to photosynthesize during the winter. Under a thick snowpack, photosynthesis is strongly limited by light availability (Woolgrove & Woodin 1996) . Because the photosynthetic light compensation point of lingonberry is low (Karlsson 1985; Lundell et al. 2008) , even low light intensities can be expected to enable significant rates of photosynthesis. Both a decreasing depth of snow and an increasing transmittance of light as a result of the increasing snow density of melting snow enhance light availability in the spring (Curl et al. 1972) . When the conditions for photosynthesis improve, the carbohydrate reserves of plants have been observed to be replenished rapidly. For example, the carbohydrate concentration of the snowbed bryophyte Kiaeria starkei was shown to increase by 60% during a period of 2 weeks after the snowmelt (Woolgrove & Woodin 1996) .
High phenotypic plasticity is characteristic of lingonberry: shoot and leaf morphology may show substantial differences, even within a single clone, depending on the prevailing conditions (Ritchie 1955) . The traits related to the overwintering of plants in exposed and sheltered microhabitats showed major differences between the two sites in the current study. High electrolyte leakage, a high content of nonstructural carbohydrates, low capacity of photosystem II and a loss of photosynthetic capacity during overwintering were characteristic of the snowless, exposed site. Our hypothesis that the plants overwintering at their site of origin would perform better compared with the transplanted ones was not supported by the results. The high plasticity of the overwintering traits of lingonberry may contribute to its wide distribution and ability to perform well in various habitats. The prospects of higher winter temperatures and changing snow conditions are considered to present a challenge for polar species. According to Crawford (2008a) , heterogeneity in the Arctic and alpine habitats and ecotypic variation within species may facilitate the survival of cold-adapted plants as the climate warms. The same may also hold true for generalist species, such as lingonberry, occupying a wide range of microhabitats in the present climate.
